Chapter 6
Multichannel Fast QRD-RLS Algorithms

Antonio L. L. Ramos and Stefan Werner

Abstract When considering multichannel adaptive implementations, it is often
possible to directly apply standard single-channel algorithms to the multichannel
problem, e.g., the numerically stable and fast converging QR decomposition recur-
sive least-square (QRD-RLS) algorithm. Even though such a solution would provide
fast convergence, it may be computationally too complex due to a large number of
coefficients. In order to obtain a computationally efficient solution, RLS-type algo-
rithms specially tailored for the multichannel setup are a good option. This chapter
introduces various multichannel fast QRD-RLS (MC-FQRD-RLS) algorithms that
can be seen as extensions of the basic single-channel FQRD-RLS algorithms to the
case of a multichannel input vector, where it can be assumed that each channel has
a time-shift structure. We provide, in a general framework, a comprehensive and
up-to-date discussion of the MC-FQRD-RLS algorithms, addressing issues such as
derivation, implementation, and comparison in terms of computational complexity.

6.1 Introduction

Multichannel signal processing can be found in various applications such as color
image processing, multispectral remote sensing imagery, biomedicine, channel
equalization, stereophonic echo cancelation, multidimensional signal processing,
Volterra-type non-linear system identification, and speech enhancement [1, 2].
When choosing among the adaptive algorithms that can cope with multichannel
signals, the choice is more than often based on stability, convergence speed, and
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computational complexity. The standard QR decomposition recursive least-squares
(QRD-RLYS) algorithm stands out as potential good option because of its well-known
fast convergence property and excellent numerical behavior. However, its ¢'[P?]
computational complexity makes its use prohibitive when higher order filters are
required.

The FQRD-RLS algorithms, in general, offer the same fast converging feature as
the standard QRD-RLS algorithm, while attaining a lower computational complex-
ity, which is achieved by exploiting the underlying time-shift structure of the input
signal vector. Historically, the first solutions were presented for the case where the
input signal is just a “tapped-delay” line, i.e., a single-channel signal, and multi-
channel fast QRD-RLS (MC-FQRD-RLS) algorithms arise as a natural extensions
of basic FQRD-RLS algorithms making them useful also in multichannel applica-
tions. The MC-FQRD-RLS algorithms can be classified into three distinct ways,
according to [3]: (1) which error vector is being updated (a priori or a posteri-
ori); (2) the type of prediction used (forward or backward),! and; (3) the approach
taken for the derivation (sequential- or block-type). The first two are inherited from
the single-channel case, whereas the last one, specific for multichannel algorithms,
determines how new multichannel input samples are processed. These three con-
cepts are combined in Table 6.1 for the case of MC-FQRD-RLS algorithms based
on backward prediction errors, which are the ones addressed in this work. The struc-
ture parameter introduced in this table simply denotes the way a particular algorithm
is implemented.

Table 6.1 Classification of the MCFQRD-RLS algorithms.

Error Approach Structure References | Algorithm
type and order

Equal Lattice [4] 1
BLOCK-CHANNEL Order |Transversal [4-6] 2
Multiple| Lattice — 3
MCFQR Order |Transversal [7, 8] 4
POS_B Equal | Lattice | Implicitin [9] 5
SEQUENTIAL-CHANNEL| Order |Transversal |Suggested in [5] 6
Multiple| Lattice 9] 7
Order |Transversal [8, 10] 8
Equal Lattice [11] 9
BLOCK-CHANNEL Order |Transversal [4,6,11] 10
Multiple| Lattice — 11
MCFQR Order |Transversal [7] 12
PRI_B Equal Lattice | Implicitin [11] 13
SEQUENTIAL-CHANNEL| Order |Transversal| Implicitin [11] 14
Multiple| Lattice [11] 15
Order |Transversal [11] 16

! This chapter does not consider FQRD-RLS algorithms based on the updating of the forward error
vector. As pointed out in Chapter 4, and still holding for the multichannel case, these algorithms are
reported to be unstable, in contrast with their backward error vector updating-based counterparts.
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Depending on the approach taken for the derivation, the ¢’[P?] computational
complexity of the standard QRD-RLS implementation can be reduced to &[MP]
and &[M?P], for sequential- and block-channel processing algorithms, respectively;
with P being the total number of filter coefficients and M the number of channels.
Although the computational cost of block-channel algorithms is slightly higher than
sequential-channel algorithms, they are more suitable for parallel processing imple-
mentations.

After reformulating the problem for the multichannel case, most of the equa-
tions are turned into matrix form, with some involving matrix inversion operations.
Beside being potential sources of numerical instability, the computational burden is
also greatly increased contrasting with desirable low-complexity feature of single-
channel FQRD-RLS algorithms that rely on scalar operations only. Nevertheless,
many good solutions to these problems exist and are addressed in the following.

The reminder of this chapter is organized as follows. In Section 6.2, we
introduce the standard MC-FQRD-RLS problem formulation along with a new def-
inition of the input vector that allows for a more general setup where the various
channels may have different orders. The sequential- and block-type algorithms are
discussed in Sections 6.3 and 6.4, respectively, while order-recursive implementa-
tions are addressed in Section 6.5. An application example and computational com-
plexity issues are presented in Sections 6.6.1 and 6.6.2, respectively. Finally, closing
remarks are given in Section 6.7.

6.2 Problem Formulation

The MC-FQRD-RLS problem for channels of equal orders was addressed in early
90’s, in [5], where the sequential approach was introduced to avoid complicated
matrix operations, and in [12] where both sequential and block approaches were
addressed. Later, multiple-order block-multichannel algorithms comprising scalar
operations only were introduced in [3, 8, 11, 13].

For the multichannel problem, the weighted least-squares (WLS) objective func-
tion, introduced in Chapter 2, is given as

k
& (k) = %lk*i[d(i) —xp(D)wp(k)]* = e (k)e(k), (6.1)

where e(k) is the weighted error vector defined as

A 1/2d (k) A I/ZXET(k)
dk—1 Xp(k—1
e(k) = ( N P:( it
24/24(0) A425T(0)

= d(k) — Xp(k)wp(k), (6.2)
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and
xp(k) = [X¢ X1 o Xnal (6.3)

where x; = [x;(k) x2(k) -+ xp(k)] is the input signal vector at instant k. As
illustrated in Figure 6.1, N is the number of filter coefficients per channel, M is the
number of input channels, and wp(k) is the P x 1 coefficient vector at time instant
k, P = MN being the total number of elements for the case of channels with equal
orders.

The good numerical behavior of the QR-decomposition-based RLS algorithms is
due to the fact that they make use of the square root Up(k) of the input-data auto-
correlation matrix X7 (k)Xp (k). The lower triangular matrix Up(k) is also known as
the Cholesky factor of X5 (k)Xp (k) and can be obtained by applying a set of Givens
rotations Qp(k) onto Xp(k). Hence, pre-multiplying both sides of (6.2) by unitary
matrix Qp(k) does not alter its norm yielding

eq1 (k) dl(k)] { 0 ]

e (k)= klelk)= 1|4 =19 — k). 6.4
0 =Qewett) = [0 = [0 = 0 [wew. 6
Again, minimizing ||e, (k) ||? is equivalent to minimizing the cost function of (6.1).
In other words, Equation (6.1) is minimized by choosing wp (k) in (6.4) such that
dgo (k) — Up(k)wp(k) equals zero, i.e.,

wp(k) = Up' (k)dga (k). (6.5)
Xp(k)
Xk "\
xl(k) O ‘\\ ‘\‘
(k) O B o
k) 6 i\} K d(k)
S +
= (k)
| ,‘ | i Wwp _<Z>
L
‘Z‘il XNt 2 :
[ —
o o)

Fig. 6.1 Multichannel adaptive filter: case of equal order.
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In many applications, we may come across the need of dealing with different
channel orders which is referred to as the multiple-order case. In such a scenario,
the elements of the input vector are arranged in a slightly different manner than for
the equal-order case treated above. Below we explain how to build the input vector
such that we can cope with both equal- and multiple-order channels.

6.2.1 Redefining the input vector

Let us define Ny, N,, ..., Ny as the number of taps in each of the M channels tapped
delay lines. Thus, the total number of taps in the input vector is P = Y™ | N,.. Without
loss of generality, we will assume N; > Np > -+ > Ny.

Figure 6.2 shows an example of a multichannel scenario with M = 3 channels of
unequal orders, where Ny =4, N, =3, N3 =2,1i.e., P=4+43+2=9. The following
approach to construct the input vector, xp(k), was considered in [11] first channel
are chosen to be the leading elements of xp(k), followed by No—N3 pairs of samples
from the first and second channels, followed by N3—Nj triples of samples of the first
three channels and so on till the Ny;—Ny1 M-tuples of samples of all channels. It
is assumed that Ny, = 0.

Alternatively, consider the Nj x M matrix X(k) whose ith row contains the N;
input data samples of channel i, i.e.,

s (k) N| — N, samples from
1{K) 1 the first channel.

xi(k—1) | N, —Nj pairs of samples
~1 from the first and
x2 (k) second channels.

x1(k—2)

x2 (k) x2(k—1)
N3 — Ny triplets of

x3(k) samples from the

_ first, second, and
— x1(k—3)

x3 (k) \—L x(k—-2)

)

third channels.

x3(k—1)
‘—\/—‘7 -
Xp(k)

Fig. 6.2 Example of input vector defined as in [11].
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xl(k) xl(k—l)xl(k—2)... xl(ka1+1)

B 01><(N1—N2) x(k) xk—1) ... xa(k—N2+1)
xw=| " | . (6.6)

01><(N17NM) xM(k) ...xM(k—NM—|—1)

where the zero-vectors appearing to the left in each row are of proper size to main-
tain the dimension of X (k) (if Ny = N, = --- = Ny, the zeros will disappear). The
multichannel input vector xp(k) is obtained by simply stacking the columns of
matrix X (k) and excluding the zeros that were inserted in (6.6). We see from (6.6)
that the last M samples of vector xp(k) are {x;(k—N;)},. As a result, updating
the input vector from one time instant to the next, i.e., from xp(k) to xp(k+ 1),
becomes particularly simple. This is because we know that, by construction, the
last M samples of xp(k) are to be removed when shifting in the new input samples
{ri(k+ 1)},

The procedure detailed above gives rise to two distinct ways of obtaining the
expanded input vector, Xp4p(k+ 1): (1) The new samples from each channel are
shifted one-by-one and processed recursively, from the first to the last channel and;
(2) All new samples from the different channels are shifted in together and processed
simultaneously.

The first approach leads to sequential-type multichannel algorithms and the sec-
ond one results in block-type multichannel algorithms. Before presenting the dif-
ferent algorithms, we take a closer look at the sequential- and block-type input
vectors.

6.2.2 Input vector for sequential-type multichannel algorithms

For the sequential-channel case, the extended input vector, Xpp(k + 1), is con-
structed from xp(k) in M successive steps as

Xppi(k+1) = [a(k+1) xp(k)], (6.7)
Xpoilk 1) =[5k 1) Xpyigrean | P (6.8)

where P; is a permutation matrix which takes the most recent sample x;(k+ 1) of the
ith channel to position p; and left shifts the first p; — 1 elements of X; il (k+1),
where

i—1
pi= 2 r(Ne=Ne1)+i, i=1,2, ..., M. (6.9)

r=1

After processing all M channels, the first P elements of the updated extended
input vector constitute the input vector of the next iteration, i.e., X; +M(k—i— 1) =
XL(k+1) xj(k—=Ni+1) - xy(k—Ny+1)].
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6.2.3 Input vector for block-type multichannel algorithms

For the case of block-channel multichannel algorithms, the expanded input vector,
xpp(k+ 1), is given by

XE+M(k+1):[x1(k+1) xk+1) - xyk+1) xf,(k)]P
= [xip xp(k)] P, (6.10)

where P = PyPy;_;---Py is a product of M permutation matrices that moves the
most recent sample of the ith channel (for i = 1,2,...,M) to position p; (given by
Equation (6.9)) in vector xpy (k+1).

After the above process is terminated, we have X}, (k+1) = [xh(k+1) xj(k—
Ni+1)-+- xy(k—Ny+1)], such that the first P elements of x},, ,(k+ 1) provide
the input vector for the next iteration. In order to illustrate the role of the permutation
matrix P, let us return to the example depicted in Figure 6.2. In this example, the
expanded input vector xp s (k+ 1) is obtained by inserting the new samples in
positions p; = 1, p» = 3, and p3 = 6, respectively, i.e.,

—xl(k—i—l)— —xl(k—i—l)_
)Q(k—l—l) xl(k)
x3(k+1) x(k+1)
xl(k) Xl(k—l)
XIEIH—I; xi(k—1) )Ez(k) ) xp(k+1)
| xk+1) | S| xk) | |xk+1) | | x(k—3)
mk+D) | T8 k=2 T |uk-2)| = | wE=2) | ¢
xp(k) x(k—1) x(k—1) x3(k—1)
x3(k) x3(k)
x1(k—3) x1(k—=3)
)CQ(k—Z) )CQ(k—Z)
_)C3(k—1>_ _)C3<k—1)_

6.3 Sequential-Type MC-FQRD-RLS Algorithms

In this section, we consider algorithms that process the channels sequentially. In
the following, we shall derive the a priori [11] and the a posteriori [3] versions of
sequential MC-FQRD-RLS algorithms based on updating backward error vectors.

Due to close similarities with the single-channel case, basic concepts on how
to solve the backward and forward prediction problems are omitted. Indeed, the
sequential processing of multichannel signals corresponds to solving the single-
channel algorithm M times, with M being the number of channels. Moreover, from
the forward prediction problem, the extended input data matrices used in sequential-
channel algorithms are defined as
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1/2X;T+i(k)

AVexp, i (k—1)

Xpsi(k) = Pf Ci=12,....M, (6.12)
)Lk/ZX;H(O)

where vector xp,;(k) is the extended input vector defined in Equation (6.8).

6.3.1 Triangularization of the information matrix

Equation (6.12) suggests that the updating of the information matrix is performed
in M forward steps for each iteration.

First step (i = 1)

Xp.1(k) can be defined as

X1 (k)

AN 2x (k—1) Xp(k—1) _
Xpu()=|" " =[d§~”(k) Xl 1)}, (6.13)
AK2x1(0) 0T
where d\) (k) = [ (k) AYV2xi(k—1) - 42 (0)].

Let Q;,l)(k) be the orthogonal matrix associated with the Cholesky factor Up
(k— 1) of matrix X} (k — 1)Xp(k — 1). Then, from (6.13), we can write

(1 - ¢ (k) 0
[QPO(k) 11(11:| [d(fl)(k) XP((];T 1) :| _ d;-lq)z(k) Up(k— 1) . (6.14)
lk/le (0) OT

To complete the triangularization process of Xp (k) leading to Up,(k), we
pre-multiply (6.14) by two other Givens rotation matrices as follows:

e, (k) 0
0 r 0.0 fal
{UPH(k)]:Qf (0Q (k) | alih(k) Up(k—1)
2fk/le(()) oT
0 0
= Q) | dh(k) Up(k—1) | . 6.15)
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In the previous equation, Q f(l) (k) is the orthogonal matrix zeroing e}l;l (k) gen-

erating e§3,2 (k). Matrix Q’f(1> (k) completes the triangularization process by zeroing

d;lq)z (k) from (6.15) in a top down procedure against egclp) (k). Removing the resulting

null section in the upper part of (6.15) gives

)
(k) Up(k — W. 6.16)

d
_ o ) fq2
U k=0Q k
p+1(k) of (k) leﬁcﬁ(k) o7

From (6.16), we get the following relation that is useful for the updating of ap (k)
and fp(k), the a priori and the a posteriori error vectors, respectively.

[Upyi(k+1)] " =
0 I
0 W (k+1)
fP

Up' ()~ U3 (0df, (k+ 1)

Qp,' (k+1)] 6.17)
Sty P

Also from (6.16), we see that Q) f(l) (k) is the Givens rotation matrix responsible

for zeroing d;lq)z(k) against e(flp) (k), i.e.,

0 a) (k+1)
i =Qh,\(k+1)| {2 (6.18)
le‘%mw o V| [y |
The updating of d;lq)z(k) is performed according to
~(1) k41
e (k+1) —Q<0)(k)[ xi(k+1)
1 = 1/24(1) J (6.19)
[d};2(k+l) o A ;. (k)

where Qg?(k) = Qg‘;j)(k — 1), i.e., the values obtained after processing the Mth

channel on last iteration. For 1 < i <M, d%z(k) is updated according to

[szrl

fq2

x,(k—|—1)

—_ ot=D
—Qemf.(k“) 1172 dqu() (6.20)

Following steps (i > 1)

The input information matrix Xp.;(k) is related to Xp;_; (k) according to
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x;(k)
AV 2xi(k—1)
Xpyi(k) = : Xpti-1(k) | P;. (6.21)

),k/zxi(O)

As in the first step, matrix Xp,;(k) must be triangularized to obtain Up,;(k)
(Cholesky factor of X}, ;(k)Xp.i(k)). This process is detailed in the following. Let
Qo,,,_, (k) denotes the orthogonal matrix associated with the QR decomposition of
Xpi—1(k). From (6.21), we can write

Qf (k )[QH(:)TI( ) 1] [XP(F‘(/‘)} _

_ ﬁ,lﬂ, k) 0 0 0
QVW) | dlhk) Upsis(k) [Pi= | dpk) Upsical) | Py
A oy ®) 0"
(6.22)
Equation (6.22) is obtained by annihilating e%lmiil (k) into the first element

of the last row of the matrix using an appropriate orthogonal matrix, Q}’)(k), and
thereafter removing the resulting null section.

The existence of the permutation matrix P; in (6.22) prevents us from directly
annihilating d%z(k) into e}’gﬁil(k) to complete the triangularization of matrix
Xpi(k) (i.e., generating Up,;(k)). Figure 6.3 illustrates the application of Givens
rotations under these circumstances. The process is summarized as follows. The per-

mutation factor, P;, right shifts dg%)]z( ) to the ith position as shown in the first part of

the figure. Then, the set of P+ i — p; Givens rotation matrices, Q9 J; nulhﬁes the

first P+ i — p; elements of dgc[)ﬂ( ) by rotating them against e;ILH (k) in a top down

procedure. The desired triangular structure is finally reached using another permu-

Fig. 6.3 Obtaining the lower triangular factor Up;(k). The lighter color tone on top of parts III
and IV represents the matrix elements that have been rotated against the bottom line by the set of

Givens rotations in Q'e(if) (k).
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tation factor that moves the last row of the matrix to the P — p; + 1 position, after
downshifting the previous P — p; rows. This permutation factor coincides with P;.

Remark 1. The lower triangular matrix Up.;(k), obtained as described above
must be positive definite. That is guaranteed if its diagonal elements and
@ (2“4 (k) is the absolute value of the

€l (k) are positive. Recalling that e
forward error, Up,;(k) will be positive definite if it is initialized properly.

The procedure above can be written in a more compact form as

(@)
: der (k) Upyii(k)
Upi(k) = PiQy, (k) va “w o P (€23
SPyi-1
From (6.23), the following relation can be derived
[Upyik+1)] " =Pf
OT 5 1
eflP+i71(k+,l) T ()
<| Uply b, sy | X Qy; (k+1)Pf. (624
Upy (k+1) — 6 H
fpi (k+1)

From (6.23), we realize that Q'e f@ (k) is the Givens rotation matrix responsible

for zeroing d(’;z(k) against e%(k), which yields

¥ (k+1)

. 6.25
eﬁ,(k—i— 1) (023

= Qo (k1)

0
el (k+1)

6.3.2 A priori and A posteriori versions

The a priori and the a posteriori versions of the sequential-channel algorithm are
based on updating expanded vectors ap;(k+ 1) or fp1;(k+ 1) given by

()
apoi(k+1) = 27 V2U5T (k4 Dxpyi(k+1) = BP((:L]))] . and (6.26)
()
psilkt1) = UpT (k+ Do (k+1) = {ffp e 11))] , 6.27)

fori=1,2,....M.
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In (6.26) and (6.27), al) (k4 1) and £!)(k 4 1) are vectors containing the first i
elements of ap.;(k+ 1) fp;(k+ 1), respectively. Recall that for i = 1, Up},(k+ 1)
in (6.26) and (6.27) equals U;il (k) as defined in (6.17).

The updating of ap.;(k+ 1) and fp;(k+ 1) is accomplished in M forward steps
at each instant k:

ap(k)—>ap+1(k—|—1)—> —>ap+M(k+1),
fp(k) = fpri(k+1)— - —fpiy(k+1).

From (6.24), (6.8), and (6.27), we get the following recursive expression for
fpii(k+1):

i fpii1(k+1
fP+i(k+ 1) = PiQ/Gf( )(k—|- l) |:pl(3,J)r ((k-l- 1)):| , (6.28)
Pri-1
where

(i)

i i (k+1

Pk (k1) = %17() fori=1,2,...,M. (6.29)
€D (k1))

P+i—1

The scalar quantity egzﬂ._l (k+ 1) is the a posteriori forward prediction error for the

ith channel, and |e§¢'2+i71 (k4 1)| is given by

(i) (i) 20
e (k1) = (),1/2|efp+l_7l(k)|> Tl (kDR (6.30)

For i = 1, rather than (6.8), we would use (6.7) in obtaining (6.28), which simply
means that P; =1, i.e,

/ fp(k)
fp+1(k+1):Q9f(1)(k+1) [p(l)lzk—i—l)]’ (6.31)

with ep(!) (k+1) denoting the a posteriori forward prediction error of the first chan-
nel, and |e}? (k+1)] is given by

2 i
el (k+1)| = \/(/11/2|e<f;)(k)|) +](eW k1), (6.32)

Similarly, using (6.24), (6.8), and (6.26), we get the following recursive expres-
sion for apy;(k+ 1):

appi_1(k+ 1)} 6.33)

i(k+1) = A7 P gV (k41 [ :
apyi(k+1) Qs ' (k+1) Véli—l(k"'l)
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where

0

» (k1

A k1) = et D) a2 M (634)
FEDVAIG )

and scalar quantity eglifl (k) is the a priori forward prediction error for the ith

channel. Again, for i = 1, we use (6.7) in obtaining (6.33) instead of (6.8), yielding

apy(k+1)= )pl/z%f(l)(kJr 1) {r(l?fk(l—? 1)] . (6.35)

Remark 2. Examining (6.28) and recalling the definitions of Q'g f(i) (k+1) and
P;, we realize that the last p; — 1 elements of fp.;(k+ 1) and fp;;_; (k+ 1) are

identical. Indeed, Givens rotations in Q'g f(i) (k+1) are such that they act on a
smaller portion of fp ;(k+ 1) at each i; then P; shifts down the unchanged ele-
ments which remain unchanged for next i. This fact reduces the computational
cost. The same observation holds for vectors ap;(k+1) and ap,;_1(k+1).

For the algorithm based on updating the a posteriori backward errors, the Givens
rotations matrices Qg,,,(k + 1) needed in the next forward steps are obtained from

(0 1 _ [+ 1) :
Q9P+[(k+1)[0}_{fﬁi(k+l) , fori>1. (6.36)

For the a priori case, the equivalent relations are

1) (k+1)] _ o0 1 ;
[ P+0 _Q9P+i(k—|—1) apyi(k+1) | fori>1. (6.37)

After the Mth channel is processed, the joint process estimation is performed
according to
eqi(k+1) (0) eq1 (k)
= k+1 . 6.38
{d(ﬂ(/ﬁ | =Q D g0 (6.38)

The a posteriori and the a priori multiple order sequential algorithms are sum-
marized in Tables 6.2 and 6.3, respectively.

6.3.3 Alternative implementations

As observed before, when all channels are of equal order, matrix P; in (6.23) degen-
erates to identity and, after carrying out the multiplication by Qj, f(’) (k) on the right
side of that equation, Up.;(k) can be partitioned as follows.
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Table 6.2 Algorithm number 8 of Table 6.1 [10].
The multiple order sequential-type MC-FQRD_POS_B

Initializations:

¥, =zeros(P,1): £7(0)=0: dp=0; 37(0)=1:
e(f'i{() wyi=1.2,- ,M, all cosines = 1, and all sines = 0.
fork=1,2,---

() =1 D+ 1)=dk+1);

fori=1:M,

L€l (k1) =xi(k+1);
for j=1: P, % Obtaining e, (k+1) and a1, (k+ 1):
{ef, e+1) = cos [e}"*”(k)] iy (k+1)+/11/2sm [e“ ”(k)]d> (®);

f92p—j+1

0 _an 1 ] g@ TN ] 0 .
df)y, . (1) =21 cos {9,, (k)] df),, ., (k) —sin [ej (k)} e, (e 1);
I e+ 01 =/ (A2 o) 1o+
forj =P:—1:p;, % Obtaining Qp, ( 1):
(e, e+ 1)l =y [llef) k+ DI+ 1dy,, K+ DI

cos9/<'>(k+1 )= llel? (k+1) H/Hef (k+1)|;

/(l _ () () .
sin0; (k+1) = [cosefj (k+1) d/qlp l+l(k+l)/e/-j(k+l)} B

P k1) = ) [ej?,,},(kﬂ)} /eyt D

forj_P —1: p;, % Obtaining £ (k 4 1):

{f( i (k *6059’()(k4r )ﬂ /)+2(k+1) [Sine}ﬁi)(k+l)1 P(fi)(k*l);
p(,‘)l(kﬂ) _sme”’ (k+1 fgf;)“ k+1)+cosefi<jr)(k+l)p§! (k+1);

% g (k1) =l (k1)
for j = p; : P, % Obtaining Qg)(k).
{sin6)" (k) = = [£ o (k- )] /212, ()

cos 01 (k) = vl—Hs.inO;")(k)Hz;
7 (k) = cos 6" (k)7 (k);

} fori
for j =1: P, % Joint process estimation:

(e (k+1) =cos 0 (k+ el " (k+1) + A2 sin 0 (k+1)dy~ ””(k)
dffz’ f*‘)(kH)_xl/zcose§°>(k+1)dg§ ’+')(k)—[51n9;0)(k+ )] el e ;
}
P N
elk-+1) = [eff (k- 1] /" ()
} for k
Obs.: Q;M)(k) = 91(»0)(k+ 1) and lﬂi)ﬁz(k) = fﬁ?jfﬂ(k+ 1). The asterisk (*) denotes complex conjugation.

0 B )
Upti(k+1) = e%(k—kl) cl fori=1,2,...,M. (6.39)
Taking the inverse of (6.39) yields
(i) et LW -
Upaiia D = |~ |0tk ”J B ekt n] | (ga0)
B~ 0
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Table 6.3 Algorithm number 16 of Table 6.1 [11].

161

The multiple order sequential-type MC-FQRD_PRI_B

Initializations:
d(fl ,=zeros(P1); al"(0)=0; dp=0; 3 (0)=1:
e(f'i{( )=u;i=1,2,---,M, allcosines=1, and all sines=0.

fork=1,2,---
() =15 e (k1) =dlk+1);
fori=1:M,

L€l (k1) =xi(k+1);
for j=1: P, % Obtaining e, (k+1) and a1, (k+ 1):

: et . ‘
{eyglj(kﬂ):cos[e}' (k)]e}‘/_ (k+1)+/11/25m[9< )(k)]d) (®);

fa2p—j+1
0 12 e0s [0 (] ¢ W1 ] L0 .
df), . (k1) =212 cos {9,, (k)] df), (k) —sin’ [ej (k)} e, (e 1);

e+ 1) =412 lef), k+11/{<’ D)l W]

forj—P —1:pi, %Obtammga(’ (k+1): _

{al) skt 1):0056’5‘)( )afp‘fjllz(k+l) [sin(-)’(/)( )} rﬁ»’)(k+l);
A (k4 1) = sin 0 (k K)ali~ }12(k+1)+cose’<’( ) (k4 1)y

agil—p,ﬂ(Hl):r,g?f](kﬂ);
He(f‘2<k+l)u=Wl/zue&‘;(knl) +u ek
forj=P:—1:p;,% ObtainingQ (k+ ):
{\\e‘<;,?,l<k+1>u:/ue N+ DI+, ke 1D

cos 0 (k+1) _ne(’) k+1) H/Hef (k4 1)];

sin 0} (k+1) = [cose' (+1) af) (k+ 1)/ ) (k+ 1] 5

+1)]%

fa2p—j+1
} )
for j=p;: P, % Obtaining Qe (k):
) W(w/ 24 (ag) ok 1)
00997(1 (k) = / ( );

sin0!" (k) = [a,, ookt 1)cos0) (k )/yj.?l(k)r;

} fori
for 1 =1: P, % Joint process esllmatlon
{e(k+1) = cos 8 (k+ el ™ (k+1) + 2125in 0" (k+ 1)a' " (k)
a7 (k1 )7k1/2cosej(.0)(k+1)d$ I (k) — [s1ne§°><k+ )] eV (k1)
}
elk-+1) = [eff (k1)) /%" (ke 1):
} for k

Obs.: OSM) (k) = 9;0) (k+1) and a;ﬁ)fﬂ (k) = a;ol ;12 (k+1). The asterisk (+) denotes complex conjugation.

Using (6.40), and recalling (6.26), (6.27), and the definition of the input vector
given in (6.8), we can now write vectors ap;(k+ 1) and fp,;(k+ 1), respectively, as

apii(k+1) = xi(k+1)/ [\/Xe(fl())(k)} o

fpii(k+1) =

(6.41)

(6.42)
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As we can see from (6.41) and (6.42), the last element of ap;(k+ 1) and fp;(k+1)
are known at each iteration i (for i = 1,2, ..., M) prior to the updating process. That
observation is the key step leading to two alternative implementations of these algo-
rithms for the special case when the channels are of the same order. Thus, the recur-
sive updating of vectors ap;(k+ 1) and fp,;(k+ 1) are performed now based on
this assumption.

6.4 Block-Type MC-FQRD-RLS Algorithms

This section discusses a general framework for block-type multichannel algorithms
using the extended input signal vector xp s (k + 1) defined in Section 6.2.3. These
algorithms, despite exhibiting a higher computational burden as compared to the
sequential-type ones, have some attractive features, e.g., suitability for parallel
implementation.

To begin with, in Section 6.4.1 we shall revisit the backward and forward predic-
tion problems applied to a block-multichannel scenario from where some fundamen-
tal equations are derived. The a priori and the a posteriori versions are discussed in
Section 6.4.2 followed by a brief overview of some alternative implementations in
Section 6.4.3.

6.4.1 The backward and forward prediction problems

Using the definition of the input vector for the multiple order channels case as given
by (6.10), define the input data matrix Xp s (k+ 1) as follows.

Xpoy(k+1)
TN

XP+M(k+ 1) = (6.43)

)L(k+1)/2X£+M(O)

The above matrix can be partitioned into two distinct ways, depending onto the
prediction problem, backward or forward, to be solved.

Define the backward prediction error matrix for block processing of equal order
channels as

E’(k+1) = Dy(k+1) = Xp(k+ 1)Wy(k+1)

—Wh(k+1)]

I (6.44)

— [Xp(k+1) Dy(k41)] [

where D, (k+ 1) and Wj,(k+ 1) are the respective desired response and coefficient
vector matrices of the backward prediction problem.
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Using the relation in (6.44), and assuming that the post-multiplication by permu-
tation matrix P is already carried out, Xp (k4 1) can be partitioned as

Xpim(k+1) = [Xp(k+1) Dy(k+1)]. (6.45)

The process of obtaining lower triangular matrix Up,p (k+ 1) from Xpp(k+1)
is performed as follows:

0 Ep (k+1
Qo(k+DQUIXpu(k+1) = Qulk+1) |y ) DIZ;Eki 1;

0 0

0 Ey(k+1) |, (6.46)
Up(k+1) Dpgo(k+1)

where Q(k) contains Qp(k+ 1) as a submatrix which triangulates Xp(k+ 1), gener-
ating Up(k+ 1). Matrix Qp(k + 1) is responsible for generating the lower triangular
matrix E,(k+ 1) from Epg (k+1).

By removing the ever-increasing null section in (6.46), Up;p(k + 1) can be
finally written as follows:

(6.47)

Upon(kt1) = { 0 E,(k+1) ]

Up(k+1) Dpgo (k+1)

The inverse of Up, (k4 1) as given by (6.47) will be useful in further steps and
is defined as

—Up (k4 1)Dpp(k+ DE, ' (k+1) Up'(k+1)

Oren(e 117 = | i ¢

] . (6.48)

Now, define forward prediction error matrix E/ (k+ 1) as

E/ (k+1) =Ds(k+1)— [X”O(k)} We(k+1)= {Df(k—i—l) ng‘)}
I I
x {wf(k+1)} =Xpym(k+1) {Wf(k+1)}’ (6.49)

where Dy(k+ 1) and Wy (k+ 1) are the desired response and the coefficient vec-
tor matrix of the backward prediction problem, respectively. A modified input data
matrix Xp.y(k + 1) incorporating permutation matrix P is defined as
follows.?

2 Note that Xpyy(k+ 1) is formed by adding M — 1 rows of zeros to Xp,p(k+ 1) such that
Upy(k+ 1) has the correct dimension in (6.55), i.e., (P+M) x (P+M).
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Xpop(k+1)
AI/ZXPJrM(k) D (k+1) Xp(k)
Xpimlk+1) = : = (I (6.50)
g(kJrl)/ZXITD+ 4(0) Op1—1)x (P+m)

0pr—1)x(P+Mm)

In order to triangulate Xp/(k + 1) in (6.50) and obtain Upyy(k+ 1), three sets
of Givens rotation matrices Q(k), Qs(k+ 1), and Q)(k+ 1) are needed [4, 5, 11].
The role of each matrix in the triangulation process is illustrated in the following
equation.

Q) (k+ 1)Qy (k+ QUOXp a(k+ 1) = Q) (k+ 1)Qy (k+ 1)
Efi(k+1) 0

0 0
D (k
A{Zi(l)/JzFXT) op P=Q)(k+1) | Dyp(k+1) Up(k) | P (6.51)
0 Ef(k+1) 0

0pr—1)x(P+m)

In (6.51), Q(k) contains Qp(k) as a sub-matrix which triangulates Xp(k), gener-
ating Up(k). Matrix Q(k + 1) is responsible for the zeroing of matrix Eq (k+1).
Note that, when working with fixed-order (or fixed-dimension, as opposed to the
ever-increasing dimension of Qp(k)), this is equivalent to annihilating e}ql (k+1),
the first row of E 7,1 (k+ 1), against the diagonal of 1'/?E s (k), generating E(k+ 1),
as shown in (6.54).

Removing the ever-increasing null section in (6.51) and using the fixed-order
matrix Qp +(k + 1) embedded in Q;(k + 1), we obtain

Upon(k+1) = Q (k+1) [D,{jz(,(ﬁli) UPO(")] P. (6.52)

Also starting fE)m (6.51) and by using the fixed-order matrices Qg (k) embedded
in Qp(k) and Qf(k+ 1) embedded in Qy(k+ 1), we obtain after some algebraic
manipulations the following equations:

el (k+1) x| ]
fql _ k1
[Dfiz<k+1>} Qok) [xl/znﬁqu) : (6.53)

where x| | = [xi(k+1) xp(k-+1)---xy(k+1)] is the forward reference signal
and e}ql (k+ 1) is the rotated forward error, and

OT

{Ef(k—i-l)] =Qy(k+1) {efql(kﬂ)} 654

),1/2E ()
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Let Ef (k+1) = [Ef (k+ 1)]TE/ (k+ 1) be the forward prediction error covari-
ance matrix, where E/ (k+ 1) is the forward prediction error matrix defined
in (6.49). Using Upp(k+ 1) as defined in (6.52) instead of Xpp(k+ 1), it
is straightforward to show that Ef:(k—l— 1) = E}(k+ 1)Ef(k+1). Thus, M x M
lower triangular matrix E¢(k + 1) in (6.52) and (6.54) can be interpreted as
the Cholesky factor of the forward prediction error covariance matrix.

Note that the permutation matrix P in (6.52) prevents a direct annihilation of

the first M columns — corresponding to matrix Dy (k+1) = [dsclq)z(k—k 1) d(f2q>2(k—|-

1) -- dﬁf q2) (k+1)] — against the anti- diagonal of E/(k+ 1) using the set of Givens

rotations Qp ;(k+ 1) = Q,f(N)( +1)-- Q’ (k+ Qb ) (k+1). From (6.52)
it can be seen that this permutation factor, P PyPy—1 - - - Py, will right-shift the
first M columns to position p;, for i = M to 1, in this order. Thus, only the first

P +1i— p; elements of each dgfgﬂ(k + 1) will be rotated against the anti-diagonal of

E/(k+ 1) using the set of Givens rotations in Qf - (k+1). It is straightforward to see
that, when the position p; = i, the corresponding permutation factor P; degenerates
to an identity matrix. If this is true for all M channels, this formulation leads to the
equal-order algorithms of [4-6, 11].

The process explained above is illustrated in Figure 6.4 (parts I-III) for a three-
channel case with the first two channels having equal length, i.e., p; = 1 and p; = 2;
consequently, P; = P, = L. Part I of this figure shows the initial state as in (6.52)
but with reduced dimension, and the operations involving matrices Qj, f(k+ 1) and
P are illustrated in parts II and III, respectively. As we can see, the resulting matrix
Upia(k+1) in (6.52) does not have the desired lower triangular shape, as depicted
in part IIT of this figure. Hence, another permutation factor, P, is needed for up-
shifting the (P+M — i+ 1)th row to the (P+M — p;+ 1)th position (see Figure 6.4 —

parts III-1V) leading to
‘ f (k+1 ‘ ‘

Fig. 6.4 Obtaining the lower triangular Up/(k+ 1). The lighter color tone on top of parts II-IV
denotes the matrix elements that have been rotated agamst the third line from the bottom by the
third (and last) set of Givens rotations embedded in Qg ;(k+1).

v
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Upar(k+1) = PQy (K + 1) [Dgﬁ,i’fl;) UPO(’C)} P, (6.55)

where permutation matrix P=P,P,---Py.
From (6.55), it is possible to obtain

[Upim(k+ 1)]71 =pT

0 E;'(k+1)

/T »l
U () U5 (0D DES (k1) | FosEF D (630

which will be used in the next section to derive the a priori and the a posteriori
versions of the algorithm. Also from (6.55), we can write

0
Y Df 2(k+1)
B0k 4 1) _Qef(k“)[ Ef(k+1) } (©7
f

where E?(k + 1) is the Cholesky factor of the zero-order error covariance matrix.>?
The asterisk * denotes possible non-zero elements according to the process
explained above.

6.4.2 A priori and A posteriori versions

If matrix Up. (k) is used to denote the Cholesky factor of X, (k)Xpiar(k), we
can define the a priori and a posteriori backward error vectors, apyy(k+ 1) and
fpim(k+ 1), as follows:

ap u(k+1) = 27 Y2U,T (k)xpia(k+1), and (6.58)
fpim(k+1) = Uply (k+ Dxpip(k+1). (6.59)

Vectors ap(k+ 1) and fp(k + 1) are contained within matrix Qg (k+1) [5, 11].
From (6.10), (6.56), and (6.58), we can write

apiu(k+1)=PA12Qj (k) [ ar (k) ] : (6.60)

3 The term is coined due to the fact that, in the single-channel case, the corresponding scalar

He(fp) (k+1)| = THLA*H1=022(7) is the norm of the zero-order forward prediction error which
is an estimate (albeit biased) of the input variance. Also note that, for zero-order prediction, the

forward prediction error vector equals its backward counterpart, and He(fo) k)| = Heéo) (k)]|-
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where

r(k+1) = 27,7 (k) [xep1 — W] (K)xp (k)]
= A7'PE;T (k)€ (k+1), (6.61)

with €(k+ 1) being the a priori forward error vector. Thus, r(k+ 1) can be inter-
preted as the Nth-order normalized a priori forward error vector. Matrix, Wz(k)
given by

W, (k) =Up' (k—1)Dysp(k), (6.62)

contains the coefficient vectors of the forward prediction problem. The matrix inver-
sion operation in (6.61) can be avoided using the solution in [11], i.e.,

[;;] —Qk+1) [-i{l@n] ~ (063

Combining (6.48), (6.58), and the definition of the input vector in (6.10), ap
(k+1) can be expressed as

M (k+1
apoy(k+1) = [aap(i jl))] , (6.64)
where the M x 1 element vector of ap y(k+ 1), a¥) (k+ 1), is given by
a™ (k+1) = 27"2E, T (k) [xi-w 1 — W (k)xp(k+1)]
= A"V2E, T (k)e)(k+ 1), (6.65)

with e} (k+ 1) being the Nth-order a priori backward error vector and matrix W, (k)
contains the coefficient vectors of the backward prediction problem. From the last
equation, a®™) (k+ 1) can be thought as the Nth-order normalized a priori backward
error vector. 4

Using similar procedure, combining Equations (6.10), (6.56), and (6.59), yields

fpim(k+1) =PQj (k+1) [p(f,i(f)l)} , (6.66)

where

T (k+1ep(k+1), (6.67)

4 As shall be seen in Section 6.5, this argument can be taken further to demonstrate that ap. y (k+1)
is actually a nesting of vectors al/) (k+1) of size M x 1, for j=0,1,..,N. Similar observation holds
for vector fpp(k+1).
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with es(k + 1) being the a posteriori forward error vector. Therefore, p(k+ 1) is
interpreted as the Nth-order normalized a posteriori forward error vector. Matrix
W ¢(k+ 1) contains the coefficient vectors of the forward prediction problem.

Now, from (6.48), (6.59), and the definition of the input vector in (6.10), £y (k+
1) can be partitioned as

_ [V (k+1)
where vector fV) (k+ 1) is given by
fV(k+1) = BT (k+1) [Xeowr1 — WL (k+ D)xp(k+1)]
=E, " (k+1)ey(k+1), (6.69)

with e, (k + 1) being the Nth-order a posteriori backward error vector and matrix
W, (k+ 1) contains the coefficient vectors of the backward prediction problem.
Hence, V) (k 4 1) can be regarded as the Nth-order normalized a posteriori back-
ward error vector.

To solve for p(k+ 1) avoiding the matrix inversion in (6.67), we can use

o OO0 I
Proof. From (6.54), it is clear that E¢(k+ 1) is the Cholesky factor of
&1 A PEFREr AMPERWLT (6.71)

Hence, (6.54) can be written in a product form as follows [14]:

Ef(k+ DEf(k+1) = &q1 (k+1)&f,, (k+1) + AEF(k)Ef (k). (6.72)

Pre-multiply and post-multiply (6.72) by E; 7 (k+ 1)y*(k) and E;" (k+ 1), respec-
tively. After some algebraic manipulations, we have '

PK)I=pk+1)pTk+1)+¥ (6.73)

where ¥ = A7 (k)E; " (k+ 1)Ef (k)Ef(k)E; " (k+1).
Finally, after pre-multiplying and post-multiplying (6.73) by p'(k + 1) and
p(k+1), respectively, and dividing the result by pT(k+ 1)p(k + 1), we obtain

- p(k+ 1)¥p(k+1)

=p (k+1)p(k+1)+ . (6.74)
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The expression in (6.74) can be regarded as a Cholesky product. Hence, it can be

factored as )
Y B *
[ 6 ] _Q {Wm)], 6.75)

where Q is an orthogonal matrix. -
If we recall our starting point in (6.54), we can see that Q is related to Q f(k+

1). Moreover, from the knowledge of the internal structure of Q (k+ 1), we can

conclude that Q = QI(k + 1) satisfies (6.75) leading to (6.70). Vector p(k+ 1) can

be easily obtained from (6.70) because y(k) and Q(k+ 1) are known quantities.
The reader can use similar arguments in order to prove (6.63).

The rotation angles in matrix Qg (k) are obtained using
1| | y(k+1)
for the a posteriori case, and

[1/y(/5+1)] —Qok+1) [ap(}cﬂ)], (6.77)

for the a priori case.
Finally, the joint process estimation is performed as

e (k+l) . d(k+1)
[dzlz(k—i-l)] =Qq(k+1) bl/quz(k)} ) (6.78)

and the a priori error is given by [5, 11]
elk+1)=eq(k+1)/y(k+1). (6.79)

The a posteriori and a priori block-MC-FQRD-RLS algorithms are summarized
in Tables 6.4 and 6.5, respectively. In these tables, the common equations are in gray
in order to highlight the difference between both algorithms.

6.4.3 Alternative implementations

Similar to their sequential-channel processing counterparts, alternative implemen-
tations for the block-channel algorithms are available when the M channels are of
equal order, i.e., N; = N and P = MN. In this particular case, the last M elements
of vectors apyp(k+ 1) and fpyp(k+ 1) are known prior to their updating through
Equations (6.58) and (6.59), respectively [6].
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Table 6.4 Equations of the a posteriori block-MCFQRD based on the update of backward predic-
tion errors [5-7].

MCFQRD_POS_B

For each k, do
{ 1. Obtaining D4 (k+ 1) and efy (k+ 1)
T T
ef’(/](k+l) _ k Xp+1 6.53
{Dmﬂk+1) Qo (k) A2D g (k) 09
2. Obtaining E¢(k+1) and Q(k+1)
07 . el (k+1)
_ fql
e ] =00 [
3. Obtaining p(k+1)

(6.54)

_p(k*+ 1)} Q) [Y%k)} implemens (6.67)

4. Obtaining Qj ;(k+1)
[ 0
Dep(k+1
« :Q’ef(kJrl)[ éqzl(c ° )} 6.57)
| EO(k+1) s(k+1)
5. Obtaining fp(k+ 1)

fpim(k+1) =PQp,(k+1) {p{l};(f:)l)} (6.66)

6. Obtaining Qg (k+ 1) and y(k+ 1)
1 | vk+1)

Qg(k-l—l){o]f |:fp(k+1):| (6.76)
7. Joint estimation

eq(k+1)| d(k+1)
{d(,z(w 1) | = Qo+ 3129 , 1)
8. Obtaining the a priori error
elk+1)=eq(k+1)/y(k+1) (6.79)

(6.78)

Assuming P = P = I, after the multiplication by Qj, (k=+1) is carried out in
(6.55), matrix Up_ps(k+ 1) can be partitioned as

0 B
U k+1) = 6.80
P+M( ) [E?‘(k“‘]) C:| ( )
and by taking its inverse, yields
~1 ~1
_|go ~1 0
Upones 1)) = |~ [EVE *l;l)J cB [E.f("0+ )l ] . (681

If we now use (6.81) together with (6.58), (6.59), and (6.10), vectors app(k+1)
and fp.p(k+ 1) can be written, respectively, as

*
apy(k+ 1) = [11/2 [E(}(k)} TXk+1‘| , and (6.82)
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Table 6.5 Equations of the a priori block-MCFQRD based on the update of backward prediction
errors [6, 7, 11].

MCFQRD_PRI_B

For each k, do

{ 1. Obtaining Dygp(k+1) and eml (k+1)
q (/\+ ) - x/\

o] =0 [0 o
2. Obtaining Ef(k+ 1) and Qz(k+1)

oT g (k+1)
k] =@ 0[S | o
3. Obtaining r(k+1)

= 1/y(k .
{;} =Q(k+1) [—r{lz(—i—)l)} implements (6.61)
4. Obtaining ap(k+ 1)
ok 1) =Py, )| ) | (6.60)
5. Obtaining Qj ;(k+ 1)
]
Dsp(k+1)
* = Q) (k+1) { Ja } (6.57)
Eo(k+l)] Y Es(k+1)
6. Obtaining Qg (k+ 1) and y(k+1)
1/y(k+ 1) 1
} Qo (k+1){—ap(k+l)} (6.77)
7. J()ml estimation
e (k+1)] d(k+1)
7d(l,z(k+l)} *Qe(k“){/ml’quz(k)} (6.78)
8. Obtaining the a priori error
e(k+1) =eq(k+1)/y(k+1) (6.79)
}
*
f k+1) = =T . 6.83
P+M( ) [E?(k+1):| Xpt1 ( )

From (6.82) and (6.83), we can see that the last M elements of ap;p(k+ 1) and
fpp(k+ 1) are known quantities. The alternative implementations of these algo-
rithms arise when the recursive updating of these vectors is performed based on this
a priori knowledge.

6.5 Order-Recursive MC-FQRD-RLS Algorithms

Block multichannel algorithms are more suitable for order-recursive implementa-
tions and parallel processing as compared to their sequential-channel counterparts.
Therefore, only the formers shall be addressed in this section. Sequential-channel
processing algorithms can also be implemented order-recursively up to a certain



172 Antoénio L. L. Ramos and Stefan Werner

degree [9, 11], however, adding order-recursiveness to the already existing channel
recursive nature, leads to more complicated structures.

For sake of simplicity, the special case of all M channels having equal orders, i.e.,
N; = N, is considered. We shall start by revisiting the definitions of Cholesky fac-
tor of the information matrix, Upy(k+ 1), given by Equations (6.47) and (6.55),
obtained from solving the backward and the forward prediction problems, respec-
tively, and reproduced below assuming channels of equal orders.

N
0 E; (k-i—l)] (6.84)

1) = 1) =
Upiy(k+1)=Uyyi(k+1) [UN(k—|—1) ngz(k"‘rl)

:Q’ef(k—l—l){ fgz(l(ckjll)) UNO( )] (6.85)

The superscript N added to variables E,(k+ 1), Dy, Dygo(k+1), and Ef(k+ 1)
emphasizes that these quantities are related to the Nth-order prediction problem.’
The last two equations can be written in a generalized form as

0 EY(k+1
Uji(k+1) = (b ( ) (6.86)
Uj(k+1) Db (k+1)
p'/)

_ oW | Pikt D Uj(k)

= +1 , 6.87)
Qg (k+1) ( k+1) 0 (

for j=0,1,...,N. This property is the key to derive the order-recursive versions of

the algorithms. Indeed, the information provided by (6.86) and (6.87) justifies the
generalization of Equations (6.65) and (6.69) from Section 6.4.2, respectively, as

al (k+1) = A" 2EY (0] €D (k+1) (6.88)
and
() _ g el
£ (k+1) = [EY (k+1)] e (k+1) (6.89)

where e;(j ) (k+1) and elgj ) (k4 1) are, respectively, the jth-order a priori and a pos-
teriori backward error vectors, for j =0, 1,...,N. Therefore, vectors apyy(k+ 1)

and fp s (k+ 1) can be regarded as a nesting of N + 1 subvectors of size M x 1, i.e.,

a™(k+1)
aV=V(k+1) W)
ay 1 (k+1) = : - {aaN (sckjll))} (6.90)
a®(k+1)

5 Note that the subscripts py and y4 are interchangeable and y,; is used whenever the order
of the prediction problems needs to be highlighted, whereas p. ) emphasizes vectors or matrices
dimensions.
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and
tV) (k+1)
fVD(k+1) (V)
fyi(k+1) = | - [ffN (g‘jll))} . 6.91)
O (k+1)

Recalling that Qj (k) and Qg (k + 1) are used to update ay.1(k) and fy1(k),
respectively, we can finally rewrite Equations (6.60) and (6.66) into an order-
recursive form, i.e., for j=1,2,...,N, as

?;;4(1\/_,» "(M(z;/)—ﬁ

D(k+1 i 7= (k

a() ( ‘""_ ) :Q;-}f('])(k a() ‘ ( ) , (6.92)
M(j—1) M(j—1)

rii(k+1) rj(k+1)

where r;(k+ 1) is the jth-order normalized a priori forward error vector, and

) e

j R Jj—1

f0 (k+1) — QK+ 1) ) (k) (6.93)
M(j—1) M(j—1)

pji(k+1) pj(k+1)

where p;(k+ 1) is the jth-order normalized a posteriori forward error vector.

Equation (6.93) implements the order-recursive counterpart of step 5 (Table 6.4)
of the a posteriori version of the MC-FQRD-RLS algorithm, whereas (6.92) stands
for corresponding order-recursive implementation of step 4 (Table 6.5) of the a pri-
ori version.

Now we shall see how to compute the set of Givens rotations in Q' (k +1).
Specifically, we shall find a way to carry out steps 4 and 5 of algorithms in Tables 6.4
and 6.5, respectively, in an order-recursive manner. We begin with noting that previ-
ous arguments support the partitioning of matrix Dy, (k+ 1) into N M x M-blocks
as follows: D;-]qé(k—i- 1)

Dy (k+1) = : . (6.94)
DY) (k+1)

Now, recalling (6.87), we realize that (6.57) can be rewritten as

Op(n—j+1) N s
M(N—j+1)xM D] k+1
OM(, 1)xM Qef D (k+1) quz(. ) (6.95)
E(J >(k+ ) M(N—j)xM

EY (k+1)
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for j =1,2,...,N. Moreover, the inherent order-recursiveness of previous equation
leads us to conclude that matrix Qj, 7 (k+ 1) in (6.57) can be regarded as a product
of the form:

Q'ef(k+1) Qef (k+1)Q9f )(kJrl) Qef (k+1) (6.96)

where each Qef (k+ 1), for j=1,2,...,N, is a product itself of M? elementary
Givens rotation matrices.
As for step 6 (Tables 6.4 and 6.5), it is straightforward to see that the rotation

angles Q(Bj ) (k+1) are now obtained through

Table 6.6 Algorithm number 1 of Table 6.1 [4].
Lattice block-MCFQRD_POS_B

Initializations: _
fp(0)=0; Dsp(0)=0; %(0)=1; dgp(0)=0; Ej(()) =ul,
W = small number, all cosines =1, and all sines = 0;

For each k, do

{ e(o) (k+1)=x1,;

Obtammg E;Q) (k+1) and po(k+1):

or * 50

= k+1

E(O)(k+1) PO(k+1> Qf ( + )
FY D (k1) = po(k+ 1) pok+1) =
eq(k+1)=d(k+1);
forj=1:N

{L ObtzTiining DY, (k+1) and e (k+ 1):
~(j 1
eyq)l (k+1) (j)(k)|: '(/ql 4 (k+1)

" T
&) (k+1) m(k)]

APEY ()0

i 0
DY), (k+1) A'2DY) (k)
2. Obtaining EYY)(k+ 1) and p; (k+ 1):
[ * a0 @ (k1) 0
. = QY (k+1 fq1 J ;
LE (k+1) pi(k+1) 7 APEY (k) 0
3. Obtaining Q) (k+ 1):
[ Oprv—j1)xnt 0%)('f7])XM
AR , DY) (k+1
M(-1)xM | = Q,f(~’)(k+l) 0/"2( +1)
E(lfl)(kJrl) MSN J)xM
s EY (k+1)
4. Obtaining ) (k4 1):
ﬂogw(/v—ﬂ 3M(N)—.f>
D (k+1) o) =0 (k)
= k+1
Op(j-1) Qo KED | 0,0
LPj 1(k+1) pj(k+1)
5. Obtaining Qe and y;(k+1):
() 75 k+1 .
Qg (k+1) [ ] [ﬁ/ 1>k+1
6. Joint estimation:
j 1
e%’f)(kﬂ) — Q¥+ 1) e ><k+1>
dy (k+1) A7) (k)

7. Obtaining the a priori error:
j(k+1) = e (k1) /3 (k+1):
} % for j
} % for k
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1/y(k+1) 1 _ W) 1/¥-1(k+1)
{ i ]—Qe’ (k+1){—a(}l)(k+l) (6.97)
for the a priori algorithm, and
j P i(k+1
Qg”(kﬂ)[% 1<(/)<+1)] _ {W%%(L)l)} (6.98)

for the a posteriori case. The joint estimation (step 7) is performed according to

e

Table 6.7 Algorithm number 9 of Table 6.1 [11].
Lattice block-MCFQR_PRI_B

( )(k+1)

()
(k+1) /l‘/2d ) (k)

(6.99)

Initializations: }
ap(0)=0; Dsp(0)=0: %(0)=1: dp(0)=0: E}(0)=upL
= small number, all cosines =1, and all sines = 0;
For each k, do

~0) T
{ eﬁ»q)l (k+1)=x]

. 0
Obtaining E(f)(kJr 1) and ro(k+1): .
T 0

o0 g S (k1) 1/n(k) |,
E;(k+1) 0 APER () —ro(k+1)
aO(k+1)=ro(k+1); wk+1)=1;
e (k+1)=d(k+1);
forj=1:N
{ 1. Obtaining D(/q)z(kle) and ef l(k+ ):

AT )
e(fq)l (k+1) | _ g,)(k) e(fql) (k+l)

D(f’q)2(k+1) 212D (k)
2. Obtaining EYY (k + 1) and p;(k+ 1 )
- - L T
o € (k1) 1/5()

O k+1)

()
ED (k41 =Q/ (k1) | ral T ;
(k+1) 0 APED (k) —rj(k+ 1)
3 Obtaining al/) (k +1):
0 (.
a<fl;4((l}<v+j>l) _o. Ok a\(If"l’(}‘v)dc))
O |~ O 0y
_I‘j;l(k+l) rj(k+1)

4. Obtaining Q) (k+ 1):
o OM)( 1)xM
M~ j1) <M U
Opr(1yxm =Q, (/)(k+l) Df"z(k+l)
S TERTY R Onr(y—)
o E(f’)(kJrl)
5. Obtaining QY (k+ 1) and ;(k + 1):
1y (k1) | _ o0 Vyalk+1) ]
0 | = EED ] GGy |
6 J01m estimation:
)(k+1) ;
M | =

?/)

Obtamlng the a priori error:
ej(k+1) = e (k+ 1) /7, (k+1):
} % for j
} % for k

z(/] ])(k+1)

xl/zd ()




176 Antoénio L. L. Ramos and Stefan Werner

Finally, in order to adjust the equations of steps 1-3 of the algorithms in
Tables 6.4 and 6.5 to this formulation, it suffices to observe that they can be split up
into blocks that will be processed in an order-recursive way. The resulting lattice (or
order-recursive) versions of the block-type MC-FQRD-RLS algorithms based on a
posteriori and a priori backward prediction errors are summarized in Tables 6.6
and 6.7, respectively.

6.6 Application Example and Computational Complexity Issues

In this section, the effectiveness of the algorithms addressed in this work is illus-
trated in a non-linear filtering problem. In addition, we provide a brief discussion
on computational complexity issues.

6.6.1 Application example

The computer experiment consists of a non-linear system identification. The plant
is a simple truncated second-order Volterra system [2] which can be summarized as

L—1 L—1 L—1
d(k) =Y wa ()x(k—n1)+ D D wayn, (k)x(k—n1)x(k—nz) + p(k).(6.100)
}’l1:0

ny :()n2:0

Equation (6.100) can be easily reformulated as a multichannel problem with M =
L+ 1 channels, where the most recent sample of the ith channel is

and the ith channel order is

L, i=1,2,
N"_{L—i+2, i=3,...,L+1.

In the experiment, we have used L = 4 and the resulting multichannel sys-
tem is depicted in Figure 6.5. The forgetting factor was set to A = 0.98, and the
power of the observation noise p(k) was chosen such that the signal-to-noise-
ratio (SNR) is 60 dB. The learning curves of the multichannel FQRD-RLS algo-
rithms are compared to the normalized least—meam—squares6 (NLMS) [15-17] and
the result is plotted in Figure 6.6 for an average of 100 independent runs. The trade-

6 The updating of the coefficient vector for the NLMS algorithm was performed according to

wik) =w(k—1)+ —* e (),

o + ||x(k)

where x(k) is the input signal vector, o is a small constant, and parameter [ was set equal to 1.
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Fig. 6.5 Multichannel set-up for a truncated second order Volterra system, L = 4.
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Fig. 6.6 Learning curves of the non-linear system identification experiment.



178 Antoénio L. L. Ramos and Stefan Werner

off between computational complexity and speed of convergence is also illustrated
in that figure.

6.6.2 Computational complexity issues

The computational complexity of the MC-FQRD-RLS algorithms, in terms of mul-
tiplication, divisions, and square roots per input sample, is summarized in Table 6.8,
according to the classification introduced earlier in Table 6.1. Generally speaking,
when the same structure and approach are considered, algorithms based on the a
posteriori backward prediction errors updating have lower computational burden
when compared to their a priori counterparts.

The suitability of the lattice structure for real-time implementations comes at the
cost of a slight increase in the computational burden of the algorithms. On the other
hand, sequential-type algorithms ¢'[MP] computational complexity is lower by one
order as compared to the &[M?P] block-type multichannel algorithms computa-
tional complexity. It is also evident that the MC-FQRD-RLS algorithms outperform
the conventional QRD-RLS and inverse QRD-RLS algorithms, & [Pz], in terms of
computational costs, while maintaining the good numerical stability features. The
computational advantage of block-type MC-FQRD-RLS algorithms is increasing
for larger number of coefficients per channel, N, (P = MN for channels of equal
orders).

Table 6.8 Computational complexity of MC-FQRD-RLS algorithms, according to Table 6.1.

| Algorithm | Multiplications | Divisions | Squared roots |
Algs. 2,4 [5-7], ANM? + 1INM + 2NM+2M +N— | 2NM+M+N—
summarized 5M? +6M +TN— IMYM (pi—i) | 2M M, (pi—1i)
in Table 6.4 (4M> +6M) M (pi —i)
Algs. 10,126, 7, 111,  4NM? + 1INM+ 2NM +3M +2N— | 2NM +M +N—
summarized SM?+6M+-9N— | 2M M, (pi—i)+2| 2M XM (pi —i)
in Table 6.5 (4M?* +6M) XM | (pi —i)
Alg. 1[4], sum- 4MPN + 1TM’N+  [2M°N +3MN +2M|M*N +2MN +M
marized in Table 6.6 12MN +5M? +5M
Alg. 9 [11] sum- AMPN +17TM>N+  |2M°N +5MN +3M|M’N +2MN +M
marized in Table 6.7 | 14MN +5M? +6M
Algs. 6, 8 [10], sum- 14ANM + 13M+ 3NM +4M— 2NM +3M—
marized in Table 6.2 5N—9YM p; 3YM pi 23M, pi
Algs. 14,16 [11] sum- I5SNM + 14M+ ANM +5M— 2NM +3M—
marized in Table 6.3 5N —103Y, pi a3 p; 23M, pi
Algs. 5,7 [9] 14NM + 13M+ 4NM +5M— 2NM +3M—
SN—93M, pi 457 pi 252, pi
Algs. 13,15 [11] I5SNM + 14M+ 5NM +6M— 2NM +3M—
SN—103M, pi 532, pi 237 pi
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6.7 Conclusion

The MC-FQRD-RLS algorithms exploit the time-shift structure in each channel
to reduce the computational complexity of the conventional QRD-RLS algorithm
which is of order ¢’[P?], P being the number of coefficients. This chapter introduced
various MC-FQRD-RLS algorithms based on the updating of the backward predic-
tion error vector. Channels are allowed to have arbitrary orders, which enables us to
deal with more general multichannel systems, e.g., Volterra systems. The algorithms
presented in this chapter were derived using two distinct approaches: (1) sequential
approach where channels are processed individually in a sequential manner, and
(2) block approach that jointly processes all channels. Considering the case of M
channels, the computational complexities associated with block and sequential algo-
rithms are &[MP] and &[M?P), respectively. That is, taking a sequential approach
will render the lowest complexity. The main advantages of the block algorithms are
that they favor parallel processing implementations and can easily be turned into an
order-recursive form. To clarify the differences among the many versions available
in the literature, we provided a classification of these algorithms and their associated
computational complexities.

Acknowledgements This work was partially funded by the Academy of Finland, Smart and
Novel Radios (SMARAD) Center of Excellence and by the Buskerud University College (HIBU),
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